Li H, Huo D, Wang W, et al. Multifunctionality of biocrusts is positively predicted by network topologies consistent with interspecies facilitation. Mol Ecol. 2020;29:1560--1573. 10.1111/mec.15424 32243633

1. INTRODUCTION {#mec15424-sec-0001}
===============

Soils harbour a vast diversity of microorganisms that is of pivotal significance for soil functionality (Bardgett & van der Putten, [2014](#mec15424-bib-0004){ref-type="ref"}; Wagg, Bender, Widmer, & van der Heijden, [2014](#mec15424-bib-0085){ref-type="ref"}), whilst increasing evidence has demonstrated that provisioning of these crucial functions is threatened by an ongoing loss of biodiversity worldwide (Bender, Wagg, & van der Heijden, [2016](#mec15424-bib-0008){ref-type="ref"}; Carey, [2016](#mec15424-bib-0019){ref-type="ref"}; Delgado‐Baquerizo et al., [2017](#mec15424-bib-0023){ref-type="ref"}; Maestre et al., [2016](#mec15424-bib-0061){ref-type="ref"}). This tendency is particularly obvious when multiple functions of soils (i.e., multifunctionality) are considered because various species may affect different individual functions inconsistently (Bowker, Maestre, & Mau, [2013](#mec15424-bib-0013){ref-type="ref"}; Bradford et al., [2014](#mec15424-bib-0014){ref-type="ref"}; Meyer et al., [2018](#mec15424-bib-0064){ref-type="ref"}). Notably, emerging studies have shown that current biodiversity loss is nonrandom and probably causes species extinction for certain functional groups that contribute over‐proportionally to multifunctionality (Bender et al., [2016](#mec15424-bib-0008){ref-type="ref"}; Selmants, Zavaleta, Pasari, & Hernandez, [2012](#mec15424-bib-0078){ref-type="ref"}). Functional subsets of the soil community that sustain key ecosystem functions thus should be identified and prioritized with respect to practical importance for ecological management actions (Krause et al., [2014](#mec15424-bib-0050){ref-type="ref"}; Mori, Furukawa, & Sasaki, [2013](#mec15424-bib-0066){ref-type="ref"}).

Biodiversity is comprised of multiple components, invoking compositional, phylogenetic, and interactional properties, in addition to the number of species present (i.e., richness) (Cadotte et al., [2010](#mec15424-bib-0018){ref-type="ref"}; Cernansky, [2017](#mec15424-bib-0020){ref-type="ref"}; Karimi et al., [2017](#mec15424-bib-0047){ref-type="ref"}; Kirwan et al., [2007](#mec15424-bib-0049){ref-type="ref"}). A major challenge is to predict the functional consequences of declined biodiversity across multifaceted components, as the functional impacts of different facets may complement or offset each other (Bender et al., [2016](#mec15424-bib-0008){ref-type="ref"}; Hooper et al., [2005](#mec15424-bib-0043){ref-type="ref"}). For instance, the probability of maintaining the multifunctionality of soils increases with lichen richness but declines with evenness, indicating intermodulation of them (Maestre, Castillo‐Monroy, Bowker, & Ochoa‐Hueso, [2012](#mec15424-bib-0060){ref-type="ref"}). Despite intensive concerns regarding on the biodiversity‐functioning relation, we are still at the beginning of understanding how soil communities respond to environmental perturbations and the mechanisms by which microbial diversity determines ecosystem functionality (Baveye, Berthelin, & Munch, [2016](#mec15424-bib-0005){ref-type="ref"}; Jing et al., [2015](#mec15424-bib-0045){ref-type="ref"}; Mori, [2016](#mec15424-bib-0065){ref-type="ref"}). Concurrently, recent studies propose that, as an overlooked metric of biodiversity, microbial interaction is of particular importance from which the performance of soil multifunctionality depends (Karimi et al., [2017](#mec15424-bib-0047){ref-type="ref"}; Rottjers & Faust, [2018](#mec15424-bib-0075){ref-type="ref"}; Valiente‐Banuet et al., [2015](#mec15424-bib-0083){ref-type="ref"}). Evidence is mounting that the architecture of interaction networks, which represents association patterns of co‐occurring microorganisms, can reveal information on the response‐ability and functioning of soil ecosystems (de Vries et al., [2018](#mec15424-bib-0022){ref-type="ref"}; Karimi et al., [2017](#mec15424-bib-0047){ref-type="ref"}). Historically, network approaches applied to macro‐organisms have demonstrated that the resilience of ecosystems and the stability of their functions link to taxonomic diversity, as well as to interspecies interaction (Schmid et al., [2009](#mec15424-bib-0077){ref-type="ref"}). However, it remains unclear whether the relative effects of changes in different biodiversity components are similarly important to soil multifunctionality and how topological characteristics of microbial species in a co‐occurrence network transfer to functional signal (Berry & Widder, [2014](#mec15424-bib-0009){ref-type="ref"}; Faust & Raes, [2012](#mec15424-bib-0027){ref-type="ref"}; Karimi et al., [2017](#mec15424-bib-0047){ref-type="ref"}; Rottjers & Faust, [2018](#mec15424-bib-0075){ref-type="ref"}).

In addition, microbial communities typically pose a skewed distribution of species abundance, dominated by a few species that account for most of the biomass (abundant species) alongside a large number of species represented by limited individuals (rare species) (Pedros‐Alio, [2012](#mec15424-bib-0069){ref-type="ref"}). It has been argued that the diversity of abundant species and their functional traits drive ecosystem functioning, rather than the entire community (mass‐ratio hypothesis) (Gonzalez & Loreau, [2009](#mec15424-bib-0033){ref-type="ref"}; Winfree, Fox, Williams, Reilly, & Cariveau, [2015](#mec15424-bib-0087){ref-type="ref"}). Yet, rare species are increasingly recognized to play key roles in biogeochemical cycling and providing necessary properties under oscillating ambient conditions (e.g., insurance hypothesis) (Jousset et al., [2017](#mec15424-bib-0046){ref-type="ref"}; Yachi & Loreau, [1999](#mec15424-bib-0088){ref-type="ref"}). This debate may arise from the contrasting responses of abundant and rare species to different ecological processes (Peter et al., [2010](#mec15424-bib-0070){ref-type="ref"}), therefore resulting in a fluctuation of the sensitivity to the loss of species regarding rarity (Lyons & Schwartz, [2001](#mec15424-bib-0059){ref-type="ref"}; Smith & Knapp, [2003](#mec15424-bib-0080){ref-type="ref"}). Therefore, to facilitate the realistic assessment of biodiversity effects in soils, subcommunities of microbes (abundant versus rare species) need to be underlined for a comprehensive evaluation of their relative influence on individual soil functions and multifunctionality (Soliveres, Manning, et al., [2016](#mec15424-bib-0081){ref-type="ref"}).

We conducted a subcontinental survey of soil multifunctionality across 62 dryland sites dominated by biological soil crusts (biocrusts) (Figure [1](#mec15424-fig-0001){ref-type="fig"}). In these harsh habitats, where climatic and edaphic conditions constrain the germination of vascular vegetation, biocrusts constitute the uppermost millimeters of soil, forming a cohesive and resistive layer that covers 70% of the surface (Belnap & Lange, [2003](#mec15424-bib-0007){ref-type="ref"}; Pointing & Belnap, [2012](#mec15424-bib-0071){ref-type="ref"}). They can serve as a useful model system for biodiversity‐functionality research because biocrusts play a central role in many arid ecosystems, and functional attributes of species persisted are relatively well‐known (Belnap, [2003](#mec15424-bib-0006){ref-type="ref"}; Bowker et al., [2014](#mec15424-bib-0012){ref-type="ref"}; Büdel, [2002](#mec15424-bib-0015){ref-type="ref"}). As one of the most pivotal functional subsets, soil photoautotrophic organisms account for the majority of net primary productivity in biocrusts and strongly influence the overall physiological properties of the soil community (Colica et al., [2014](#mec15424-bib-0021){ref-type="ref"}; Maier et al., [2018](#mec15424-bib-0062){ref-type="ref"}). We uncovered relationships between multifaceted biodiversity within abundant and rare subcommunities of phototrophic microbiota and soil multifunctionality of biocrusts. To do so, we quantified the richness, evenness, and phylogenetic dissimilarity of species using high‐throughput amplicon sequencing data. Network analysis was employed to measure topological features of species and calculated an integrated index, as a proxy for the interaction strength of a given community. Soil multifunctionality was evaluated using seven key individual functional variables: potential productivity, belowground biomass, soil nitrogen/phosphorus content, plant‐available nutrients, soil carbon stock, and water‐holding capacity. They represent a set of rational indicators for biocrusts, which prevent drylands from soil erosion and quick loss of soil functioning (Bowker, [2007](#mec15424-bib-0011){ref-type="ref"}; Mallen‐Cooper, Bowker, Antoninka, & Eldridge, [2019](#mec15424-bib-0063){ref-type="ref"}).

![Geographic and functional properties of the studying areas across arid lands of subcontinental China. (a) Map of 62 sampled sites from three regions located in Tibetan Plateau, Tengger Desert, and Hobq Desert. (b) Seven key variables of soil functioning were identified and compared cross‐regionally, including belowground biomass (BelowBio), total nitrogen (TN), available nutrients (AN), chlorophyll content (Chl), total phosphorus (TP), total organic carbon (TOC), and water‐holding capacity (WHC). The significance of difference among regions was checked by the Kruskal‐Wallis test at a significance criterion of 0.05. (c) The bubble diagram represents the distribution of phototrophic species in the abundance‐occupancy space. Orange, blue and green circles indicate the mean relative abundance and occurrence frequency values of abundant, moderate, and rare species in biological soil crusts, respectively. The size of circles is proportional to the value of species dominance frequency (see details in Methods) \[Colour figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](MEC-29-1560-g001){#mec15424-fig-0001}

Because phototrophic microbiota occupies a crucial but relative narrow niche of soil ecosystems, we expected that (a) the richness of soil phototrophs in biocrusts would not be a strong predictor for multifunctionality, due to high functional redundancy; nonetheless, (b) given that each facet has its characteristic impact on ecosystem functioning (Bender et al., [2016](#mec15424-bib-0008){ref-type="ref"}), multifaceted diversity may account for a greater proportion of variance in multifunctionality; (c) the topological feature of species interaction would associate with functional performances, and its effects would be comparable as that of taxonomic diversity; and (d) because of their distinct ecological relevance, abundant and rare subcommunities would impact soil functionalities through different ways. Our results could enable a deeper understanding of the consequences of biodiversity loss in real‐world ecosystems, and promote our practices on dryland management by means of the diversity‐function theory.

2. MATERIALS AND METHODS {#mec15424-sec-0002}
========================

2.1. Characteristics of the study sites and sampling {#mec15424-sec-0003}
----------------------------------------------------

We obtained the field data and took the samples from 62 sites (each of a 20 × 20 m square field) across the drylands of northern and western China, located in Hobq Desert, Tengger Desert, and Tibetan Plateau (Figure [1a](#mec15424-fig-0001){ref-type="fig"}). These sites cover a substantial biogeographic gradient and account for a wide regional range of environmental conditions (elevation and latitude ranged from 1,016 to 4,716 m and from 31°N to 40°N, respectively; Table [S1](#mec15424-sup-0001){ref-type="supplementary-material"}). Most of the sites are unvegetated or with sparse shrub, dominated by the representative cyanobacterial and moss crusts on the topsoil surface (Figure [S1](#mec15424-sup-0001){ref-type="supplementary-material"}).

Within each site, five plots (50 × 50 cm) were selected randomly in the open field between perennial herbs and apart from shrubs (if present). Upper biocrust cores (0--2 cm) were collected in triplicate by a 7.0 cm Ø ring knife in each plot. Then, cores from the same site were bulked and homogenized (approximately 1,150 cm^3^ in total). Samples were air‐dried to constant weight in a short time, packed in paper bags, and stored in a portable refrigerator immediately. After the field survey, samples were transferred to the laboratory and further ground by using mortar and pestle and sieved through 2 mm mesh to remove gravel. Subsamples were stored at −20°C until laboratory measurements.

2.2. Environmental and edaphic variables measurement {#mec15424-sec-0004}
----------------------------------------------------

We summarized the climatic feature of the sampling sites by the local temperature and precipitation patterns (Table [S2](#mec15424-sup-0001){ref-type="supplementary-material"}). To do so, we collected interpolated climate data from Worldclim (Hijmans, Cameron, Parra, Jones, & Jarvis, [2005](#mec15424-bib-0042){ref-type="ref"}), which was used to constitute four climate variables: (a) efficient temperature (annual mean temperature and mean temperature of the wettest quarter); (b) temperature variance (mean diurnal range, temperature seasonality, and temperature annual range); (c) efficient precipitation (annual precipitation and precipitation of warmest quarter); and (d) precipitation variance (precipitation seasonality and precipitation annual range). The principal component score (PC) was extracted to represent each matrix, conducted in principal component analysis and associated parallel analysis of the *R* package psych. Spatial data (elevation, longitude, and latitude) was measured by a handheld GPS device in the field. Local edaphic parameters at each site were summarized by using soil pH and salinity, which play key roles in the community assemblage of soil microorganisms (Janatkova et al., [2013](#mec15424-bib-0044){ref-type="ref"}; Rath, Fierer, Murphy, & Rousk, [2019](#mec15424-bib-0072){ref-type="ref"}). These variables were measured as described in Supporting Information [1](#mec15424-sup-0001){ref-type="supplementary-material"} and constituted an abiotic matrix for subsequent analyses.

2.3. Multifunctionality assessment in biocrusts {#mec15424-sec-0005}
-----------------------------------------------

We estimated soil multifunctionality of biocrusts using seven crucial functional variables, including belowground biomass, soil nitrogen/phosphorus retention, plant‐available nutrients, potential productivity (that is, the content of chlorophylls), soil carbon stock, and water‐holding capacity (see Supporting Information [2](#mec15424-sup-0001){ref-type="supplementary-material"} for measuring methods; Figure [1b](#mec15424-fig-0001){ref-type="fig"}). The selected functions are closely related to phototrophs in biocrusts and reflect the ecological performances on metabolic potential, soil fertility, primary productivity, carbon sequestration, and climate resistance (Mallen‐Cooper et al., [2019](#mec15424-bib-0063){ref-type="ref"}; Pointing & Belnap, [2012](#mec15424-bib-0071){ref-type="ref"}). They are widely used as the indicators to evaluate the primary succession of the ecosystem in drylands, where soils are lost quickly but biocrusts stabilize the surface under harsh stresses (see Supporting Information [3](#mec15424-sup-0001){ref-type="supplementary-material"} for detailed interpretation) (Belnap & Lange, [2003](#mec15424-bib-0007){ref-type="ref"}; Green, Porras‐Alfaro, & Sinsabaugh, [2008](#mec15424-bib-0036){ref-type="ref"}; Lan, Wu, Zhang, & Hu, [2013](#mec15424-bib-0053){ref-type="ref"}; Reynolds, Belnap, Reheis, Lamothe, & Luiszer, [2001](#mec15424-bib-0073){ref-type="ref"}). In addition, the stabilizing effect of biocrusts on contemporary soils is considered to significantly depend on species composition (Pointing & Belnap, [2012](#mec15424-bib-0071){ref-type="ref"}). It demonstrates how these quantified variables of soils, as a rational proxy for ecosystem functioning, link with the characteristics of microbial community. Soil variables were measured from crust samples collected at each site. Seven individual functions were standardized using the min‐max transformation (range from 0 to 1). The minimum and maximum values of a soil function were calculated for the 62 studied sites. Then, these normalized ecological functions were used to obtain "averaged" multifunctionality index, which was a synthetic rotated score from principal component analysis (explained 73% of total variance), and all selected single functions of soils were positively correlated with it. The values of synthetic multifunctionality index were highly similar to the normally used index calculated by arithmetical average (pairwise χ^2^ test, *p* \> .05, linear slope: 1.05, *R* ^2^ = .995, Figure [S2](#mec15424-sup-0001){ref-type="supplementary-material"}). Besides, we also applied multiple thresholds method to evaluate the level of multifunctionality for each site, which was measured as the number of individual functions that exceeded a given percentage threshold of the maximum observed value across all sites (Byrnes et al., [2014](#mec15424-bib-0016){ref-type="ref"}). Here, we calculated the maximum observed value of each function as the average of top five sites to concern the bias of outliers (Bradford et al., [2014](#mec15424-bib-0014){ref-type="ref"}).

2.4. Identifying of abundant‐rare species and analysis of diversity {#mec15424-sec-0006}
-------------------------------------------------------------------

The community composition of soil phototrophs was assessed using a high‐throughput sequencing method on the Illumina MiSeq PE300 platform (Wen et al., [2017](#mec15424-bib-0086){ref-type="ref"}). Group‐specific primer pair for phototroph with barcodes was used to amplify 16S ribosomal RNA gene sequences (see details in Supporting Information [4](#mec15424-sup-0001){ref-type="supplementary-material"}). Species were identified based on the similarity level of 100% threshold, therefore each distinct sequence defined a separate OTU (zero‐radius OTU, ZOTU, hereafter referred to as species) (Edgar, [2018](#mec15424-bib-0024){ref-type="ref"}). Unclassified species, and those with less than three reads or assigned to moss and vascular plants, were declined from subsequent analyses. To standardize the sequencing effort, we then randomly resampled the subset of sequences with 18,463 reads from each sample, and gained a filtered data set, containing 1,144,706 reads within 2,771 taxa, which caught a substantial portion of α‐ and β‐diversity (Figure [S3](#mec15424-sup-0001){ref-type="supplementary-material"}). It indicated that the amount and the density of sampled crustal cores were reliable to recapitulate soil phototrophic compositions of biocrusts from our study field. To evaluate the abundance, quantitative PCR was employed to measure the absolute copy numbers of the identifying gene segment (Supporting Information [4](#mec15424-sup-0001){ref-type="supplementary-material"}). For the downstream analyses, relative abundance data of MiSeq sequencing was adjusted by the absolute phototrophic abundance of each sample. This can increase the specificity of co‐occurrence network (see below) due to apparent correlations of relative abundance data (Berry & Widder, [2014](#mec15424-bib-0009){ref-type="ref"}). Sequencing data sets are available on the NCBI website under the accession numbers SRR9694426 through SRR9694487 of BioProject PRJNA554760.

In this study, the definition of abundant/rare species considered three criteria: (a) occurrence frequency; (b) mean relative abundance; and (c) dominant frequency, which together reflect causalities of rarity, such as stochastic assemblage, fitness trade‐offs, and habitat specificity (Jousset et al., [2017](#mec15424-bib-0046){ref-type="ref"}). Abundant species were defined as observed in more than 60% of sites (occurrence frequency) with the mean relative abundance of \>0.1% across regions, and local relative abundance that \>0.1% occurs in more than 30% of sites (dominant frequency). Rare species were defined as mean relative abundance \<0.01% across all sites or observed only in less than 5% of sites. Then, the rest intermediate species were categorized as moderate ones (Figure [1c](#mec15424-fig-0001){ref-type="fig"}). These thresholds were set partly according to recent publications, and we also evaluated the rationality of the criteria by using multivariate cutoff level analysis (Gobet, Quince, & Ramette, [2010](#mec15424-bib-0032){ref-type="ref"}). It demonstrated that the classification of abundant and rare species is appropriate (Figure [S4](#mec15424-sup-0001){ref-type="supplementary-material"}). The abundant species lies in the outlier area of the relative abundance distribution as expected in previous literature (Figure [S5](#mec15424-sup-0001){ref-type="supplementary-material"}) (Liao et al., [2017](#mec15424-bib-0056){ref-type="ref"}; Liu, Yang, Yu, & Wilkinson, [2015](#mec15424-bib-0057){ref-type="ref"}; Logares et al., [2013](#mec15424-bib-0058){ref-type="ref"}).

We summarized the multifaceted diversity feature using three basic metrics, including richness, evenness and phylogenetic dissimilarity (Table [S3](#mec15424-sup-0001){ref-type="supplementary-material"}). More specifically, abundance coverage‐based estimator (ACE, as richness index) was measured by EstimateS, and Pielou\'s evenness (*J* ~sw~) was then calculated accordingly. To account for phylogenetic dissimilarity, we calculated the mean pairwise phylogenetic distance (MPD) between the pairs of phototrophic species using the [r]{.smallcaps} package Picante (Kembel et al., [2010](#mec15424-bib-0048){ref-type="ref"}). The PC1 score of three diversity components was extracted by principal component analysis, which explained 85%, 95%, 59%, and 89% of the total variance in overall and three subcommunities (abundant, moderate and rare species), respectively.

2.5. Network analyses {#mec15424-sec-0007}
---------------------

Given that validation of real community‐wide interactions in soils is currently difficult if not impossible, to quantify the topological features of species interaction, we alternatively established an integrated co‐occurrence network with all samples across regions. The infrequent species that occur in a single site were removed from the data set to ensure the total Jaccard similarity index of community composition \>20%, which could increase the sensitivity of the network (Figure [S6](#mec15424-sup-0001){ref-type="supplementary-material"}) (Berry & Widder, [2014](#mec15424-bib-0009){ref-type="ref"}). The sparse graphical model with undirected edges was inferred using the concept of conditional independence by the [r]{.smallcaps} package SpiecEasi based on inverse covariance, which avoids the detection of indirectly correlated false associations between species (Kurtz et al., [2015](#mec15424-bib-0051){ref-type="ref"}; Rottjers & Faust, [2018](#mec15424-bib-0075){ref-type="ref"}). These indirect edges would be prominent if sample heterogeneity is high (Rottjers & Faust, [2018](#mec15424-bib-0075){ref-type="ref"}). However, because we only focused on the specific phototrophic communities in biocrusts, which are relatively less heterogenous regardless of sampling scale, it is reasonable to consider that the rate of spurious associations in the network could be further controlled. The sparseness of the network was evaluated by involving random subsampling of the data set to find a network with low variability in the selected set of edges (Kurtz et al., [2015](#mec15424-bib-0051){ref-type="ref"}). To reduce the complexity and ensure the robustness, we retained the edges with high correlation (edge weight \>0.30) for subsequent network analyses. The network was visualized with the interactive platform Cytoscape (Shannon et al., [2003](#mec15424-bib-0079){ref-type="ref"}).

Although establishing useful biological knowledge from co‐occurrence network properties is still unsubstantial, their important roles in exploring and identifying putative microbial interaction have been demonstrated in real‐ecosystems (Barberan, Bates, Casamayor, & Fierer, [2012](#mec15424-bib-0003){ref-type="ref"}; de Vries et al., [2018](#mec15424-bib-0022){ref-type="ref"}; Faust & Raes, [2012](#mec15424-bib-0027){ref-type="ref"}). We focused on three topological features of the network: (a) node degree, which is defined as the number of edges linked to a node; (b) betweenness centrality, which reflects the amount of influence that one node exerts over the interactions of other nodes (Yoon, Blumer, & Lee, [2006](#mec15424-bib-0089){ref-type="ref"}); and (c) closeness centrality, which is a measure of how fast information spreads from a given node to other reachable nodes (Berry & Widder, [2014](#mec15424-bib-0009){ref-type="ref"}). We then applied principal component analysis on three topological features to evaluate the extent of node keystoneness (explained 88% of total variance), which represents the synthetic performance of species in a co‐occurrence network. In addition, species keystoneness index was measured for each different study site and obtained a distribution individually. We calculated the mean, variance, skewness, and kurtosis of the 62 keystoneness distributions (Supporting Information [5](#mec15424-sup-0001){ref-type="supplementary-material"}) (Gross et al., [2017](#mec15424-bib-0037){ref-type="ref"}). As just the mean value of keystoneness distribution had widely significant influence (Figure [S7](#mec15424-sup-0001){ref-type="supplementary-material"}), the topological characteristics of local sites (interaction strength) were summarized by the averaged keystoneness index of all species co‐occurring in a given community (Berry & Widder, [2014](#mec15424-bib-0009){ref-type="ref"}).

2.6. Effects of diversity and interaction on soil multifunctionality {#mec15424-sec-0008}
--------------------------------------------------------------------

To separate confounding factors, all biotic predictors and functional variables were corrected for co‐varying environmental variability of climate and soils, as described in ref. (Soliveres, van der Plas, et al., [2016](#mec15424-bib-0082){ref-type="ref"}). For that, the residuals were calculated by fitting multiple regression models. To avoid the problem of multicollinearity, we used three PC scores of the aforementioned abiotic matrix achieved by orthogonal rotation as explanatory variables. The environment‐corrected residual data were retained for subsequent analyses. In addition, because both biotic predictors and functional variables were not established based on relatively temporary activity parameters (e.g., using DNA biomarker to track diversity traits, rather than RNA), it minimized the potential effects of seasonality to fluctuate the detection of diversity‐function relationship in biocrusts.

We employed multiple threshold analysis to assess the effects of richness, multifaceted diversity, and interaction strength on soil multifunctionality in the [r]{.smallcaps} package Multifunc (Byrnes et al., [2014](#mec15424-bib-0016){ref-type="ref"}), which explicitly incorporates the trade‐offs between different soil functions. The measure of multifunctionality was applied along with a continuous gradient of thresholds of individual functions from 1% to 99% with intervals of 1%. The correlations of biotic predictors and multifunctionality were evaluated by fitting a series of general linear models with normalized ACE, integrated diversity traits, and averaged keystoneness index of the 62 studied communities, respectively. A set of particular metrics were highlighted to identify key parameters of the relationships: (a) the min and max independent multifunctionality levels (*M* ~min~/*M* ~max~), which indicate the boundary of effects that arise due to biotic predictors from those by chance; (b) the maximized multifunctionality level (*M* ~mde~); (c) the realized maximum effect (*R* ~mde~); and (d) their associated threshold values (*T* ~min~, *T* ~max~ and *T* ~mde~) (Byrnes et al., [2014](#mec15424-bib-0016){ref-type="ref"}).

We also used the least absolute shrinkage and selection operator regression (LASSO) to evaluate the relationship of different diversity components and keystoneness distribution with synthetic multifunctionality index in the [r]{.smallcaps} package glmnet (Friedman, Hastie, & Tibshirani, [2010](#mec15424-bib-0030){ref-type="ref"}). This analysis fits a generalized linear model via penalized maximum likelihood, and performs the variable selection and model regularization simultaneously, which concern the problems of multicollinearity and overfitting in the model selection process (Hastie, Tibshirani, & Friedman, [2009](#mec15424-bib-0040){ref-type="ref"}). We built five models invoking predictors as (a) intact model, all selected biotic predictors in the submodels; (b) overall model, predictors of all species; (c) abundant model, predictors of abundant species; (d) moderate model, predictors of moderate species; and (e) rare model, predictors of rare species. Model averaging was performed based on adjusted *R* ^2^ values within paired models between intact model and four submodels, respectively (Table [S4](#mec15424-sup-0001){ref-type="supplementary-material"}). Then, the incorporated slope was used to estimate the effect of each predictor on soil multifunctionality. We included the presence of moss (i.e., microhabitat shift) as a categorical predictor in all models to control for its potential influence. The relative contribution of normalized predictors on explaining total variance was evaluated as the percentage of the parameter estimate of each predictor compared with all estimates in the model.

2.7. Species multifunctional importance {#mec15424-sec-0009}
---------------------------------------

The extent to which different subcommunities of species maintain the high level of soil multifunctionality could be discrepant due to functional redundancy (Mori et al., [2016](#mec15424-bib-0067){ref-type="ref"}; Nielsen, Ayres, Wall, & Bardgett, [2011](#mec15424-bib-0068){ref-type="ref"}). We quantified the multifunctional importance of soil phototrophs at the species level, relying on randomization tests (Gotelli, Ulrich, & Maestre, [2011](#mec15424-bib-0035){ref-type="ref"}). The species‐specific value of multifunctional importance was calculated as the correlation coefficient between the abundance of target species and the number of soil functions that equaled or exceeded a critical threshold across all sites (multiple threshold approach). We used 999 randomizations reassigning observed values in different sites and repeated the null modeling for all species. The standardized effect size (SES) of multifunctional importance value was measured, which quantified the extent to which an observed metric deviated from distribution of metrics generated by a stochastic simulation (Gotelli & McCabe, [2002](#mec15424-bib-0034){ref-type="ref"}). If ǀSES*~i~*ǀ of species *i* is greater than 1.96, the value of functional importance approximately falls into the 5% tail of a normal distribution, which means that species *i* poses significantly effect on maintaining soil multifunctionality, otherwise inconsiderable than expected by chance (ǀSES*~i~*ǀ \< 1.96). We calculated SES values in a series of thresholds of individual functions from 1% to 99% with an interval of 2%. In addition, we also performed null modeling with the synthetic multifunctionality index (averaging approach). The randomization tests were conducted in a Fortran 95 program Impact. The patterns of SES derived from abundance data and presence‐absence matrix were compared, which exhibited high consistency (data not shown). Species that occurred only once or twice in the meta‐community across regions were declined from analyses.

3. RESULTS {#mec15424-sec-0010}
==========

3.1. Community composition {#mec15424-sec-0011}
--------------------------

In total, 2,771 ZOTUs occurred in the meta‐community of soil phototrophs from three studied regions. In the samples, we found 637 ± 38 (mean ± *SEM*) ZOTUs from Tibetan Plateau, 436 ± 19 different ZOTUs from Hobq Desert, and 404 ± 34 ZOTUs from Tengger Desert. The detailed diversity indices of each region were presented in Table [S3](#mec15424-sup-0001){ref-type="supplementary-material"}. In the data set, 79.7% of reads belonged to Cyanobacteria, 4.8% belonged to eukaryotic algae, and 10.1% were assigned to Chloroflexi (Figure [2a](#mec15424-fig-0002){ref-type="fig"}). The cyanobacterial species found across regions primarily belonged to three phylogenetic orders, namely, Nostocales/Oscillatoriales (88.6% of cyanobacterial reads in 714 ZOTUs), Phormidesmiales (3.0% in 63 ZOTUs), and Leptolyngbyales (1.5% in 46 ZOTUs). The Chloroflexi species were dominated by Thermomicrobiales (97.9% of Chloroflexi reads in 774 ZOTUs). At local and cross‐regional levels, 78 ZOTUs (2.81%) were identified as abundant species representing 50.49% of all reads, whereas 1 862 ZOTUs (67.20%) with 8.32% of reads were categorized to rare species (Figure [S4](#mec15424-sup-0001){ref-type="supplementary-material"}). Of these ZOTUs, 48 of abundant (62%), 204 of moderate (25%), and 235 of rare ZOTUs (13%) were shared between different regions (Figure [S8](#mec15424-sup-0001){ref-type="supplementary-material"}). Furthermore, the analysis of phylogenetic structure using the MPD matrix revealed that 96.8% and 85.5% of studied sites were composed of abundant and moderate species with an over‐dispersive or random tendency, whereas more than half of sites supported a phylogenetic clustering of rare species (Figure [S9](#mec15424-sup-0001){ref-type="supplementary-material"}).

![Phylogenetic composition and co‐occurrence network of phototrophic species in biological soil crusts. (a) The unrooted tree of phototrophic 16S ribosomal RNA gene sequences, constituted by two main clades of Cyanobacteria and Chloroflexi, indicates the phylogenetic positions of abundant (orange triangles), moderate (blue circles), and rare species (green circles). (b) Tree branches are labelled by different colours, according to the taxonomic orders. Co‐occurrence networks with undirected edges between species coloured by rarity (A, abundant; M, moderate; and R, rare species). The parameter setting for the sparsity of interaction is that λ.min.ratio = 1e^−2^ and nλ = 30 (SPIEC‐EASI), and the stability coefficient of the network is 0.049, which gets close to the desired significant threshold of 0.05. The connections stand for strong correlations (edge weight \> 0.30). The size of each node is proportional to the mean relative abundance (left panel) or to the number of connections (i.e., node degree, right panel). (c) Box‐plot diagrams showing the comparison of the topological features of integrated network and relative abundances between species with different rarity. The pairwise verifying of significance was conducted by using the Wilcoxon test and indicated as ^ns^, nonsignificant; \**p* \< .05; \*\*\**p* \< .001 \[Colour figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](MEC-29-1560-g002){#mec15424-fig-0002}

3.2. Co‐occurrence network {#mec15424-sec-0012}
--------------------------

In the context of soil phototrophs, we supposed to consider that positive co‐occurrence is a pattern that would be expected if there was facilitation, otherwise negative co‐occurrence suggests competition (Harris, [2016](#mec15424-bib-0038){ref-type="ref"}). The integrated co‐occurrence network consisted of 2,088 nodes connected by 1,835 robust edges with 1,807 positive and 28 negative links, in which 1,198 edges linked two nodes clearly assigned to different phylogenetic orders (see Figure [2b](#mec15424-fig-0002){ref-type="fig"}; Figure [S10](#mec15424-sup-0001){ref-type="supplementary-material"}), reflecting a dominant of interspecies facilitation than competition. The node degree distribution obeyed a power‐law form (*ρ* = 0.872, *R* ^2^ = .91), indicating a scale‐free and nonrandom co‐occurrence pattern (Barabasi & Oltvai, [2004](#mec15424-bib-0002){ref-type="ref"}). The integrated network composed of one major module and eleven minor modules, of which Module 1 contained 45.5% and 56.1% of total nodes and edges, respectively. The remaining minor modules accounted for less than 10% of nodes and 11% of edges in the entire network (Table [S5](#mec15424-sup-0001){ref-type="supplementary-material"}). This result indicated that a considerable portion of soil phototrophs adapted to the same niche of biocrusts (Faust & Raes, [2012](#mec15424-bib-0027){ref-type="ref"}), implying a status of functional redundancy. There were only two out of 64 abundant species found in these complex modules (belonged to Chloroflexi), and most abundant species interacted with special phototrophs in a relatively simple manner, which exhibited low modularity of common species than rare species. Hub species in networks are supposed to pose a high level of topological properties (i.e., keystoneness) (Berry & Widder, [2014](#mec15424-bib-0009){ref-type="ref"};Rottjers & Faust, [2018](#mec15424-bib-0075){ref-type="ref"}). We compared the topological features and relative abundance of species categorized according to rarity (Figure [2c](#mec15424-fig-0002){ref-type="fig"}). The results exhibited that abundant, moderate, and rare species were distinct with a significant gradient (Wilcoxon tests, *p* \< .05). Rare species had the highest values of betweenness centrality, node degree, and keystoneness index, whereas the highest closeness centrality was found for abundant species.

3.3. Factors associated with multifunctionality {#mec15424-sec-0013}
-----------------------------------------------

The phototrophic richness in biocrusts presented a moderate negative relationship with soil multifunctionality (Figure [3a,b](#mec15424-fig-0003){ref-type="fig"}). The effect became significant ranging from 61% (*T* ~min~) to 81% (*T* ~max~) of the functional thresholds with an extreme value of subtracting by 3.22 functions along with the change of richness (*R* ~mde~) at the threshold of 74% (*T* ~mde~). In contrast, if multifaceted diversity traits were considered (i.e., richness, evenness, and phylogenetic dissimilarity), the integrated diversity associated with soil multifunctionality positively despite the narrow range of significant thresholds (approximately 60% to 71%). At its highest level, integrated diversity achieved 47.8% of the maximum potential of effect size on soil multifunctionality. We found that averaged keystoneness, as a proxy for interaction strength, posed obviously stronger positive effect on multifunctionality than richness and integrated diversity. The effect began to be significant from a very low threshold (9%, *T* ~min~) and reached its peak at a high threshold (96%, *T* ~mde~) with an effect size of 2.56 functions added. Moreover, we scrutinized the individual diversity components and four keystoneness distribution parameters by using LASSO regression. The result showed that diversity, interspecies facilitation, and moss accounted for 14%, 21% and 65% of explained variance (mean adjusted *R* ^2^ = .51), revealing the important impact of microhabitat shift on soil functioning (Li et al., [2013](#mec15424-bib-0055){ref-type="ref"}), albeit both phylogenetic dissimilarity (MPD) and interaction strength (averaged keystoneness) played significantly crucial roles in maintaining multifunctionality, as well as on single functionalities of biocrusts (Figure [3c](#mec15424-fig-0003){ref-type="fig"}; Table [S6](#mec15424-sup-0001){ref-type="supplementary-material"}). Nonetheless, species with different rarity exhibited distinct influencing patterns. For instance, most of diversity and interaction topological features of abundant species were unrelated to multifunctionality, but the individual effects of richness and MPD offset each other and collectively led to a negative effect as an integral one. For moderate and rare species, although averaged keystoneness was the predominant factor to promote soil multifunctionality, their evenness and the variance of keystoneness consistently showed negative effects. In addition, most of the findings on individual factors reminded when using multiple threshold approach (Figure [S7](#mec15424-sup-0001){ref-type="supplementary-material"}).

![Environment‐corrected effect of biotic predictors on soil multifunctionality. Relatedness patterns of normalized richness, integrated diversity index, and interaction strength along with a range of soil multifunctionality were evaluated by the multiple threshold approach, respectively (a,b). (a) Upper panels exhibit the changes in numbers of individual soil functions, reaching a range of percentage thresholds of the maximum observed value, following the enhancing of standardized biotic predictors. Circles represent the fitted values of regressions between biotic predictors and the number of soil variables above a certain threshold, and grey shading indicates the 95% confidence interval. The *M* ~min~, *M* ~max~, *M* ~mde~ values and their corresponding thresholds *T* ~min~, *T* ~max~, and *T* ~mde~ are indicated. (b) Lower panels show the regression lines, and the bold lines represent the boundaries and the maximum of significant effects (*p* \< .05), respectively. (c) Colours of lines indicate the thresholds from 1% (purple) to 99% (green). Average slope estimates of model predictors (mean ± *SEM*), expressed as the individual standardized effects on soil multifunctionality, were evaluated by the least absolute shrinkage and selection operator regression (LASSO) analysis (see Table [S4](#mec15424-sup-0001){ref-type="supplementary-material"} for details of model averaging). KS mean, variance, skewness, and kurtosis are the distribution parameters of species keystoneness of a certain community. *J* ~sw~, Pielou\'s evenness; ACE, richness index; MPD, mean pairwise phylogenetic distance \[Colour figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](MEC-29-1560-g003){#mec15424-fig-0003}

3.4. Multifunctional importance and keystoneness {#mec15424-sec-0014}
------------------------------------------------

Across the range of thresholds, multifunctional importance index (SES) indicated that 6.83 ± 0.70% (mean ± *SEM*) of species were significantly more important on influencing soil multifunctionality positively than the null expectation, whereas 16.85 ± 0.99% of species posed significantly negative effects (Figure [4a](#mec15424-fig-0004){ref-type="fig"}). Most of the phototrophs (76.32 ± 0.85%) were not functionally significant than expected by chance (*p* \> .05). Despite that, the mean values of multifunctional importance across significantly positive species increased along with the thresholds of soil functionalities from low to high (OLS slope: 0.748, *R* ^2^ = .75, *F* = 143.5, and *p* \< .001). Meanwhile, the number of species with significant negative effects was lower at higher levels of the threshold. Additionally, the standardized functional importance calculated by the averaging approach exhibited a similar tendency that most species fell in the nonsignificant interval, whereas abundant species usually showed significantly negative correlations with soil multifunctionality (Figure [4b](#mec15424-fig-0004){ref-type="fig"}). More importantly, we observed a bimodal distribution of soil phototrophs according to their importance on multifunctionality and on certain individual functionalities (e.g., TN, TOC, and Chl). The first main distribution covered the whole range of species functional importance (green curve), and the second one merely held a significantly positive interval (red curve). The latter distribution consisted of approximate 360 rare species and 134 moderate species, in which numbers of cyanobacterial genera presented dominantly, such as *Lyngbya*, *Tolypothrix*, *Nostoc*, *Nodosilinea*, *Leptolyngbya*, *Pleurocapsa*, *Coleofasciculus*, and *Rivularia*.

![Functional importance of phototrophic species to maintain soil multifunctionality of biological soil crusts. (a) Boxplot diagram presents the distribution of standardized functional importance values (SES) at every 2% of the thresholds from 1% to 99%, using the multiple threshold approach. The top and bottom boundaries represent the upper/lower quartiles and medians of functional importance values. Black horizontal dashed lines indicate 95% confidence intervals. Green and red hollow points represent species with significant positive and negative effects on soil multifunctionality than expected by chance (*p* \< .05), respectively. Their percentage ratio along the thresholds of maximum observed variables is presented in the inserted diagram. (b) Accumulative histograms show the frequency distribution of functional importance values of abundant, moderate, and rare phototrophic species on soil multifunctionality (MF, calculated by the averaging approach) and on individual soil functions. Dashed lines indicate 95% confidence intervals. The inserted histogram presents the feature of a bimodal distribution of species functional importance on soil multifunctionality with respective kernel density curves \[Colour figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](MEC-29-1560-g004){#mec15424-fig-0004}

To test whether topological features of soil phototrophs in co‐occurrence network couples with functional performance, we evaluated the relationship between keystoneness and multifunctionality importance at the species level. After separating environmental and spatial factors, there was a significantly positive correlation of species multifunctionality importance (SES) with the keystoneness index (Slope~common~ = 3.21, *p* \< .001) (Figure [5](#mec15424-fig-0005){ref-type="fig"}). It revealed that the potential loss of keystone phototrophic species in biocrusts could result in a substantial decline in soil functionality. However, the relationships were not consistent among abundant, moderate, and rare species. Although keystoneness of moderate and rare species showed significant association with their multifunctional importance (Slope~moderate~ = 5.15; Slope~rare~ = 0.96; both *p* \< .05), ecological behaviour of abundant species lacked topological signals in the co‐occurrence network (*p* \> .05). The results remained when we just invoked sites composed of cyanobacterial crusts in the analysis (*n* = 38), to control for the potential bias induced by moss prevalence.

![Relationships of species multifunctional importance with keystoneness. Species importance was calculated based on the values of soil multifunctionality obtained by the averaging approach. Red line represents the linear significant fit (*p* \< .001) that accounts for all phototrophic species. Orange, blue, and green dashed lines represent the linear fits of abundant, moderate, and rare species, respectively. Slope values for the linear fits and associate significant levels are shown (^ns^, nonsignificant; \**p* \< .05; \*\*\**p* \< .001). The scatterplot indicates that species multifunctional performance is positively associated with their topological feature in a co‐occurrence network significantly \[Colour figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](MEC-29-1560-g005){#mec15424-fig-0005}

4. DISCUSSION {#mec15424-sec-0015}
=============

By focusing on phototrophic communities in biocrusts, our findings provide a unique insight into the underlying links of biodiversity components with soil individual and multiple functionalities. We show that higher taxonomic richness of soil phototrophs, inconsistent with aboveground producers (i.e., vascular plants) (Hector et al., [1999](#mec15424-bib-0041){ref-type="ref"}; Zavaleta, Pasari, Hulvey, & Tilman, [2010](#mec15424-bib-0090){ref-type="ref"}), is not positively correlated to individual functions and even impairs the delivery of multifunctionality (Figure [3a,b](#mec15424-fig-0003){ref-type="fig"}; Table [S6](#mec15424-sup-0001){ref-type="supplementary-material"}). In contrast, when taxonomic and phylogenetic properties of the phototrophic community are jointly considered, multifaceted diversity appears to sustain larger numbers of soil functions at moderate levels of thresholds (60%--71%). This incongruence arises from the trade‐off between richness and phylogenetic dissimilarity (MPD) with opposite effects and collectively leads to an overall slightly positive effect on soil multifunctionality. Moreover, we observed a shift of species functional role in supporting belowground multifunctionality along with thresholds (Figure [4a](#mec15424-fig-0004){ref-type="fig"}). While the majority of phototrophic microorganisms increase or decrease multiple functioning nonsignificantly, sustaining a high threshold level of multifunctionality tends to require more particular species with beneficial identity than expected by chance. The bimodal distribution of multifunctional importance (SES) further demonstrates that functional effects are nonrandom among species and thus not simply cumulative (Figure [4b](#mec15424-fig-0004){ref-type="fig"}), thereby underlining the role of species identity, instead of the stochastic effect of richness (Bender et al., [2016](#mec15424-bib-0008){ref-type="ref"}), on driving ecosystem functioning.

As noted previously, because different diversity components are context‐dependent, disentangling the variety of alternative metrics and precisely evaluating which measure of diversity is most appropriate is an important step towards practical application of the knowledge about the biodiversity effects on ecosystem functioning (Bender et al., [2016](#mec15424-bib-0008){ref-type="ref"}; Mori et al., [2013](#mec15424-bib-0066){ref-type="ref"}). Abundance‐weighted phylogenetic distance represents the degree of evolutionary relatedness among the individuals of phototrophic microbiota and presumably indicates the integrated phenotypic difference and ecological uniqueness (Cadotte et al., [2010](#mec15424-bib-0018){ref-type="ref"}; Valiente‐Banuet & Verdu, [2007](#mec15424-bib-0084){ref-type="ref"}). Therefore, in our case of biocrusts, high phylogenetic dissimilarity of phototrophs is supposed to maximize trait diversity, facilitate potential complement by capturing resources differentially in the spatial‐temporal scale, and ultimately ensures the response variability of biocrusts to stabilize soil multifunctionality against environmental erosion (Cadotte, Cardinale, & Oakley, [2008](#mec15424-bib-0017){ref-type="ref"}; Elmqvist et al., [2003](#mec15424-bib-0026){ref-type="ref"}). Our results demonstrate that phototrophic compositional identity (species idiosyncrasy and MPD) is a stronger predictor of the multifunctional performance of biocrusts, rather than how many species are present. It gives theoretical support for current restoration practices by using cyanobacterial inoculation in degraded soils, highlighting the importance of inoculum selection (Rossi, Li, Liu, & De Philippis, [2017](#mec15424-bib-0074){ref-type="ref"}).

Nevertheless, recent syntheses argued that microbial diversity may not necessarily be informative or sensitive enough to predict functional consequences of ambient perturbation, but species interaction matters (Harvey, Gounand, Ward, & Altermatt, [2017](#mec15424-bib-0039){ref-type="ref"}; Karimi et al., [2017](#mec15424-bib-0047){ref-type="ref"}). To summarize the association trait of species, we evaluated the degree of keystoneness of nodes in the co‐occurrence network based on major topological parameters. This metric detected the property to what extent that one species could impact the rest members disproportionately (Berry & Widder, [2014](#mec15424-bib-0009){ref-type="ref"}; Valiente‐Banuet et al., [2015](#mec15424-bib-0083){ref-type="ref"}). Thus, higher averaged keystoneness of a given microbial assemblage indicated a more highly connected and centrally clustering pattern, which was used to predict community‐wide interaction strength. We found that the strength of interspecies facilitation explained more 20% of the variance (adjusted *R* ^2^) in soil multifunctionality than phototrophic multifaceted diversity did, after accounting for the influence of microhabitat change. The effect of facilitation approached saturation until a significantly higher threshold (99%) than diversity achieved (71%), suggesting that maintaining interspecies links could be equally considerable to promote the resilience of biocrusts and the stability of their functioning. This association has also been observed in other terrestrial ecosystems; for example, anthropogenic N deposition may alter carbon cycling of hardwood forest via changes in the nature of biotic interactions among saprotrophic soil bacteria (Freedman & Zak, [2015](#mec15424-bib-0028){ref-type="ref"}). However, understanding how microbial interaction network determines specific ecosystem functioning remains elusive (Karimi et al., [2017](#mec15424-bib-0047){ref-type="ref"}). Despite that, we reveal a crucial positive association between multifunctional importance and synthetic topological characteristic (keystoneness) of phototrophic microbes within the co‐occurrence network (Figure [5](#mec15424-fig-0005){ref-type="fig"}). Our finding provides empirical evidence that changes in network architecture could translate into changes in functional performance. Given the observed neutral or even negative effect of richness, the results show that species turnover is likely to be decoupled from the dynamics of association network (Li, Poisot, Waller, & Baiser, [2018](#mec15424-bib-0054){ref-type="ref"}); in other words, soil multifunctionality maintained by phototrophic microbiota in biocrusts can be lost despite certain species remaining present (Valiente‐Banuet et al., [2015](#mec15424-bib-0083){ref-type="ref"}).

Biocrusts have been proven to be often dominated by a limited suite of cyanobacterial species (e.g., *Microcoleus* spp.) (Freeman et al., [2009](#mec15424-bib-0029){ref-type="ref"}; Garcia‐Pichel, Loza, Marusenko, Mateo, & Potrafka, [2013](#mec15424-bib-0031){ref-type="ref"}), alongside the majority of the rest with low abundance. We found that abundant, moderate and rare species, as the subcommunities of phototrophic microbiota in biocrusts, have stepwise changes of their ecological relevance with the difference of rarity (Figure [2c](#mec15424-fig-0002){ref-type="fig"}; Table [S3](#mec15424-sup-0001){ref-type="supplementary-material"}). For multiple biodiversity components, it is the richness of abundant species that determined an overall negative effect on soil multifunctionality, whilst averaged keystoneness of both moderate and rare species positively associated (Figure [3c](#mec15424-fig-0003){ref-type="fig"}). It means that a higher level of multiple functioning of biocrusts relies on fewer abundant phototroph dominant with a closely connected set of rare species, which reflects the stark differentiation of their roles in maintaining soil multifunctionality. Additionally, we also found that, as the belowground producer, rare phototrophic species are less likely to negatively affect soil multifunctionality than abundant species (Figure [4](#mec15424-fig-0004){ref-type="fig"}). This difference was explained to be derived from the frequency of functional trade‐offs between species in previous studies, where functional roles of abundant and rare species are driven by density and presence, respectively (Soliveres, Manning, et al., [2016](#mec15424-bib-0081){ref-type="ref"}). In grasslands across Germany, they observed that rare species of productive plants had significantly more positive, rather negative, relationships with multifunctionality than common species did, but not found in belowground heterotrophic organisms (Soliveres, Manning, et al., [2016](#mec15424-bib-0081){ref-type="ref"}), thereby implying a trophic level‐dependent balance of functional trade‐offs within abundant and rare species.

It is noteworthy that different cyanobacterial species were observed to inhabit different vertical layers of topsoil under a gradient of abiotic stresses (Belnap & Lange, [2003](#mec15424-bib-0007){ref-type="ref"}; Lan, Wu, Zhang, & Hu, [2011](#mec15424-bib-0052){ref-type="ref"}). It has been supposed that species more exposed to ambient perturbation tend to be poorly linked to other species whereas the more connected species tend to be less exposed (Araujo, Rozenfeld, Rahbek, & Marquet, [2011](#mec15424-bib-0001){ref-type="ref"}). As proof, our finding indeed shows that almost all of the abundant species were relatively isolated and merely interacted within small topological structures, but the majority of rare species were tightly connected in complicated network modules (Figure [2b](#mec15424-fig-0002){ref-type="fig"}; Table [S5](#mec15424-sup-0001){ref-type="supplementary-material"}). Accordingly, we infer that different subcommunities of phototrophic microbiota probably distribute in different vertical layers of biocrusts, such that abundant species inhabit topmost and rare species below. Meanwhile, given that the extent of modularity in a network was verified to be positively correlated with stability and negatively correlated with resilience (Eldridge et al., [2015](#mec15424-bib-0025){ref-type="ref"}; Ruiz‐Moreno, Pascual, & Riolo, [2006](#mec15424-bib-0076){ref-type="ref"}), we speculate that abundant species could determine the resilience of biocrust whereas rare species ensure multifunctional stability. However, the consequence of network alteration in abundant and rare species for ecosystem functionality is just an emerging field (Harvey et al., [2017](#mec15424-bib-0039){ref-type="ref"}). While our correlative study does not investigate the exact mechanisms behind, the results provide a novel insight into a deeper understanding of spatial assemblage and stress resistance of biocrusts in drylands.

In conclusion, by evaluating the biocrusts across a subcontinental scale, we uncover the underlying associations between a general family of multiple biodiversity components and maximized multifunctionality in dryland soils. While phototrophic richness is not positively related to the maxima of multifunctional performance, interspecies facilitation and compositional identity are particularly stronger but often neglected predictors. We also reveal a significant positive correlation of species functional importance with its topological feature in co‐occurrence networks, highlighting a potential mechanism by which species interaction promotes multifunctionality. Furthermore, abundant species tend to isolate and merely interact within small topological structures, but rare species were tightly connected in complicated network modules. These results suggest that subcommunities of phototrophic microbiota with different rarity impact soil functionalities of biocrusts through distinctive ways. Collectively, our findings give a comprehensive view of how soil constructive species drive multifunctionality and contribute to guiding management efforts of ecological restoration according to the theory of biodiversity‐functionality relationship (Bender et al., [2016](#mec15424-bib-0008){ref-type="ref"}; Bommarco, Kleijn, & Potts, [2013](#mec15424-bib-0010){ref-type="ref"}).
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